Optical pulse durations of an InAs two-section passively mode-locked quantum dot laser with a proton bombarded absorber section reduce from 8.4 ps at 250 K to 290 fs at 20 K, a factor of 29, with a corresponding increase in optical bandwidth. Rate equation analysis of gain and emission spectra using rate equations suggests this is due to the very low emission rate of carriers to the wetting layer in the low temperature, random population regime which enables dots across the whole inhomogeneous distribution to act as independent oscillators. V C 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4822433] Ultrashort optical pulses facilitate a range of applications including high bit rate optical communications, 1 wide gain bandwidth generation for wave division multiplexing, 2 the generation of terahertz signal sources, 3 optical clocking of electronic circuits, 4 and, more recently, in biomedical applications for use in optical coherence tomography, 5 nanosurgery, 6 and microscopy and multiphoton imaging. 7 Pulses may be created using passively mode locked quantum dots with an absorber within the lasing cavity. A key requirement for the generation of short pulses is a wide gain spectrum and rapid recovery of the absorber. Dots are ideal candidates for this purpose due to their large inhomogeneous distribution of dot sizes: a 1.3 lm quantum dot laser, with a gain bandwidth of 50 nm, could produce a transform-limited, mode locked pulse of just 30 fs. In practice, there are very limited examples of subpicosecond pulse generation using two-section quantum dot lasers (400 fs). 8 At room temperature, the carriers on the dot states are in quasi-equilibrium with the wetting layer; 9 their fractional occupation varies with their energy and this limits the width of the gain spectrum. Laser action occurs over a narrow line 10, 11 at the peak of the gain spectrum and additional current above threshold supplies this lasing process rather than increasing the population of dots of different sizes which further restricts the width of the available gain spectrum above threshold.
At low temperatures, dots are populated randomly, 12 and the lasing spectra are much wider than at room temperature. 10, 11 The threshold current as a function of increasing temperature has a distinctive minimum at around 200 K as the dots go from random to quasi-equilibrium distributions. 11, 13 Since the random occupation probability is independent of energy, all dots become inverted at the same current, and the gain spectrum extends over the inhomogeneous width and follows the dot size distribution. Laser action first occurs at the peak of this spectrum, and additional current above threshold not only supplies a higher stimulated emission rate at the lasing dots but also increases the occupation of non-lasing dots so the lasing spectrum broadens. 10, 11 This suggests the pulse duration of mode-locked lasers could be reduced by operating in the random population regime, where the gain spectrum is wider, and the dots act as independent oscillators enabling this width to be accessed above threshold. The purpose of this paper is to explore this prospect: first the underlying physics, then reporting our modelocking results.
The occupation of dot states is brought about by carrier transport within the wetting layer and phonon-mediated exchange of carriers with the dots.
14 At the dot densities necessary to achieve useful gain ($3 Â 10 10 cm À2 ), the limiting processes are capture and emission rather than carrier transport, 15 and rate equations for interaction with a thermal phonon bath describe the transition from random to thermal regimes 16 and give a good quantitative description of the temperature dependence of threshold current. 17, 18 Photoluminescence spectra provide valuable insight into carrier distributions; 19, 20 however, to relate such observations directly to laser operation, we have used electrically pumped measurements of gain and calibrated spontaneous emission spectra on a device structure, 21 which can be referenced to a known gain (the optical loss of the laser) to quantify the internal excitation. We observe that at temperatures below the minimum in threshold, the emission spectra broaden and analysis of the emission data at 20 K shows ground states in different size dots are populated with equal probability, increasing with drive current, indicative of random behaviour. 18 We have compared this data with rate equation calculations of gain spectra for inhomogeneous distributions of ground and excited states, interacting via a thermal phonon bath with each other and with the wetting layer, and in which population of dots by electrons and holes is correlated, 12, 14, 22 controlled by separation of the dot electron state from the wetting layer ($0.28 eV for the ground state). Measured modal absorption spectra provided input values for the gain coefficient and spontaneous recombination lifetime (via the Einstein relations), which were temperature independent, and for the wetting layer band edge energy; energies and distributions of dot transitions were determined by Gaussian fits. The radiative threshold current density J th (T) at fixed peak gain equal to the optical loss of the device was fitted to the measured radiative threshold current using only two adjustable parameters for the phonon coupling processes; there was no multiplicative scaling (see Ref. 18 for details) . Fig. 1 shows this fit and reciprocals of component emission and recombination times, indicating that in the calculation, the transition to random population below 200 K occurs because the emission rate to the wetting layer becomes many orders slower than the recombination rate. In the model, capture at the ground state occurs directly from the wetting layer and via excited states and in the steady state, the occupation probability is the ratio (total capture rate)/(capture plus recombination rate) which is independent of the energy of the state. Thus, at low temperature, once captured, carriers remain in the ground state till they recombine. They are not able to re-supply laser action at other dots via the wetting layer. Therefore, we expect that at temperatures below the minimum in J th (T), where the phonon-induced emission is very slow, a wider gain spectrum is available above threshold.
Similar device structures were used for mode-locking experiments as used above for Fig. 1 , grown using molecular beam epitaxy with five layers of InAs dots in an In 0.15 Ga 0.85 As well, with GaAs core and Al 0.45 Ga 0.55 As cladding waveguide. The gain and absorber sections were 1800 lm and 200 lm long, respectively. The gain section was driven with electrical pulses, width of 500 ns, and duty cycle 8%. The absorber was reverse biased with voltages ranging from 0 V to 5 V. These devices show a minimum in threshold current as a function of temperature at about 250 K but mode-locking could not be observed below about 200 K due, we believe, to lengthening of the absorber recovery time. Carriers escaping to the wetting layer is the main mechanism by which they are lost from the dots 14 and Fig. 1 shows that below about 225 K emission becomes slow and recovery is due to recombination alone.
To decrease the recovery time, we introduced nonradiative recombination centres into the absorber by proton bombardment at 250 keV, selected using standard range data, to produce a maximum number of displacements at the dot layers; a dose of 1 Â 10 12 cm À2 was chosen based on the work in Ref. 23 . The absorption peak was not shifted by bombardment, and transmission electron microscopy showed the integrity of the dots was retained. Time-resolved luminescence showed a factor ten faster decay at the transition energy, and analysis in Ref. 23 shows that defects are also introduced into the wetting layer, so at low temperatures, carriers can also be lost by tunnelling to nearby defect states. 24 Mode-locking was observed in these devices with pulse widths reducing by a factor 29 from 8.4 ps at 250 K to 290 fs at 20 K, and this correlates with the temperature dependence of threshold of the same structures, as shown in Fig. 2 .
Optical spectra (Fig. 3) and pulsewidths (Fig. 4 , FWHM obtained using sech 2 functions) were measured using an Ando AQ6317 optical spectrum analyser and an APE Pulsecheck autocorrelator. With decreasing temperature, the available bandwidth (Fig. 3 ) decreases from about 8 nm at 300 K to a minimum at 250 K then increases to 30 nm at 20 K. The pulse duration reduces from 4 ps (1 V bias) at 300 K to 290 fs at 20 K (Fig. 4) . As the reverse bias is increased above 1 V, the pulse durations increase due to a shifting of the absorption peak caused by the quantum confined Stark effect. 25 Above threshold, the recombination rate is increased by stimulated emission, making it easier to satisfy the requirement that it exceeds the emission rate to the wetting layer (Fig. 1) . Similar qualitative behaviour, over the range of temperatures investigated, was observed for a range of current densities.
We conclude that the optical pulse duration can be reduced by operating in the random regime, accessed in these experiments by reducing the temperature. Rate equation analysis of gain and emission data suggest that emission of carriers to the wetting layer becomes very slow at low temperature so that inversion can be maintained over the inhomogeneous width and the dots act as independent oscillators above threshold making a wide gain spectrum available. We believe that the slow emission rate also increases the absorber recovery time, and it is essential for mode-locking that this be overcome in our experiments by selective proton bombardment of the absorber section.
We recognise that low temperature mode-locking is not a commercially viable approach; nevertheless, these experiments establish the principle and point a way forward. The carrier escape rate is the key, and this can be reduced at room temperature using deeper dots with high energy barriers, 26 and the minimum in threshold current can be shifted to higher temperature by doping. 27 It may be possible to reduce the recovery time of the absorber by selective introduction of defects by diffusion from a surface oxide layer. 
